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INTRODUCTION
Germination is one of the most important biological processes for plants, relevant from a strictly individual aspect as well as for the population recruitment. It is defined, for both seed and spore plants, also for fungi as the set of mechanisms occurring in the dormant germ (seed or spore) that culminates with the growth of the embryo or cell to form a seedling or sporeling able to establish in the substrate. Generally, germination can be easily detected by observing signs of a body emergence, as radicle, protonema, filament or rhizoid (Bradbeer, 1988) . More complex techniques could be used to detect in situ vitality, biochemical reactions, enzymatic activity, metabolite usage, etc., all of them symptoms of pre-germination processes. Germination has been widely studied from physiological and ecological perspectives (cf extensive synthesis on the topic in, among others, Thompson, 1973; Bewley, 1997; Baskin & Baskin, 1998; Finch-Savage & Leubner-Metzger, 2006) . From a taxonomical view most works have focussed on seed plants, espe cially those with economical, agricultural or biomedical value. Germination dynamics of fungal and bacteria spores are also of interest, particularly those of pathological significance (Waggoner & Parlange, 1973; Lapp & Skoropad, 1976; Bosch & al., 1995) .
The mathematical models of germination describe germination based on two different approaches. The traditional approach uses indices, formulae and rates (Maguire, 1962; Ranal & Garcia de Santana, 2006) . In this approach a common mistake was the confusion between germination speed and percentage of germination. Later on germination kinetics studies were mostly conducted based on a different approach consisting in fitting a S-shaped curve to cumulative germination across time (Hsu & al., 1984) . Following this view, most studies made special emphasis on goodness of fit and computational cost of curve fitting. Different types of curve can be used to describe cumulative germination, e.g. Gompertz, logistic, Weibull, Morgan-MercerFloding, Richards, asymptotic exponential, etc. (Brown & Mayer, 1988 ) allowing germination to be summarized with a few curve parameters. However, only a few studies in germination or related fields in biological modeling techniques made emphasis on the biological interpretation of geometric parameters (Fitzhugh, 2011) . Studying the dynamic of such parameters we can detect a summary of the underlying biological mechanism. In addition to curve analysis, polynomial regression has been used to fit the germination curve (Goodchild & Walker, 1971 ).
An advantage of the study of the standard pattern of germination could be relevant in order to evaluate the effects of environmental variables on the species dynamics and its life cycle. For instance, with the help of a normal cumulative curve as a mathematical model of spore germination in fungi, Waggoner and Parlange (Waggoner & Parlange, 1973) were able to choose the type fungicide and the time of spraying in potato and tomato treatments. Also, application of germination models in population dynamics is its utility to detect when a single dataset consists of several subpopulations revealing the plot of cumulative germination one or more steps (O'Neill & al., 2004) . At the present, germination models of fungi (Dantigny & al., 2011) , bryophytes (Wiklund & Rydin, 2004) and several seed plant species, e.g. fennel seeds (Torres & Frutos, 1990) , meadowfoam plants (Cheng & Gordon, 2000) , grasses (Brown & Mayer, 1988) , have been published.
Ferns, with more than 9,000 species, are the second most successful lineage of vascular plants, after angiosperms. They have a long evolutionary history related to important events as the origin of land plants and emergence of the seed. Ferns are significant ecological elements in tropical ecosystems, where they can also be dominant. Some species have enormous importance for humans, as invasive plants (for example, Pteridium aquilinum (L.) Kuhn, Salvinia molesta D.S. Mitch. and Lygodium japonicum (Thunb.) Sw.) and as toxic species for cattle (Pteridium aquilinum), with strong economic impact (Prada, 2004) . In recent years we have conducted several studies on germinating fern spores: developmental observations (Gabriel y Galán & al., 2008a; Gabriel y Galán & al., 2008b; Gabriel y Galán & Prada, 2009; Gabriel y Galán & Prada, 2010a; Gabriel y Galán & Prada, 2010b; Migliaro & Gabriel y Galán, 2012) , physiological studies (Gabriel y Galán & Prada, 2010c), reproductive biology reviews (Prada & al., 2008; Gabriel y Galán, 2010; Gabriel y Galán, 2011 ), ecological analyses (Gabriel y Galan & al., 2011 and taxonomical/phylogenetical studies (Gabriel y Galán & Prada, 2012) of both the spore and/or the fern gametophyte that arise when the spore germinates. Even when physiological and ecological aspects of fern spore germination have been extensively studied (Weinberg & Voeller, 1969; Lloyd & Klekowski, 1970; Raghavan, 1989; Sheffield, 1996; Gabriel y Galán & Prada, 2010c) surprisingly this is the only group of plants where germination has never been statistically modelled. Some observations describe cumulative germination over time exhibiting a pattern as follows: begins slowly, accelerates rapidly, and then declines as maximum germination percentage is reached. In the case of ferns, the lack of germination models led us to establish whether germination of fern spores followed some defined regression model.
In this paper we study two different but related issues. First, since germination fits well to a sigmoid function, we studied if Gompertz model could represents a common pattern of germination for non-green spore leptosporangiate ferns. Secondly, since it is known that Gompertz function parameters have a clear biological interpretation, we studied whether the observed variation of these parameters depend on the fern species. The study of these parameters ould produce relevant ecophysiological observations.
MATERIALS AND METHODS

Plant material, spores sowing and germination observation
Five species were selected to study spore germination: Blechnum serrulatum Rich. and Blechnum yungense Ramos Giacosa (Blechnaceae), Cheilanthes pilosa Goldm. (Pteridaceae), Niphidium macbridei Lellinger and Polypodium feuillei Bertero (Polypodiaceae). Two criteria influenced this selection: a) all of them are species whose spores lack chlorophyll, as the presence of this pigment in the spore is known to drastically reduce their viability in a few days or weeks (Gabriel y Galán & Prada, 2010c); and b) to test the general value of the model for the ferns as a whole, we chose some species within the same genus (B. serrulatum and B. yungense), different genera from the same family (Niphidium and Polypodium) and from different families (Blechnaceae, Pteridaceae and Polypodiaceae).
All plants came from natural populations and not from cultivation. After collection, individuals were dried out and maintained at room temperature preserved from light sources. At the time of sowing, spores were of less than a month from field collection, in order to guarantee its presumable viability.
To test if the germination model is affected by variation between individuals some experiments were conducted using spores of the same individual and other mixing spores from different individuals. Spores thus obtained were sowed in agar nutritive medium (Dyer, 1979) in Petri dishes of 6 cm in diameter. Three replicates were sown in each case (two dishes in the case of B. yungense due to a low amount of spores). Petri dishes were introduced in cultivation chambers and grown under fluorescent light on a 12-hour photoperiod cycle at an isothermic regime of 20±2 °C.
Germination was recorded every day at approximately the same hour for the first 12 days, and then every 3 days until no further increase was detected. Under a compound light microscope, germinated spores were counted from a pool of 100 spores randomly selected in each Petri dish, excluding those abortive or irregularly formed. A spore was considered germinated when a first rhizoid was evident emerging from the opened spore wall.
The raw germination data, percentage germination y (%) versus time t (days), were obtained for Blechnum serrulatum, Blechnum yungense, Cheilanthes pilosa, Niphidium macbridei and Polypodium feuillei.
Model equation and data analysis
The Gompertz regression analysis of data was conducted using the methods outlined in Appendix. A comparison was made between the modelling by the Gompertz nonlinear regression equation and the logistic equation. Model comparisons were conducted with B. serrulatum and P. feuillei germination data.
RESULTS
All of the curves visually gave reasonable good fitting of the data to Gompertz model. We have found that for B. serrulatum, B. yungense, C. pilosa, N. macbridei and P. feuillei species the Gompertz model describe cumulative germination, providing a consistently good fit for the data (Table 1) .
Germination regression curves obtained for each of the fern species are shown in Figures 1-5. A summary of the error measurements indices, coefficient of determination R 2 and Durbin-Watson statistic for each specie and replicate is shown in Table 2 .
In B. yungense Durbin-Watson test is less than 1.0, which would indicate some autocorrelation in germination data. However, in B. serrulatum there is a statistical evidence of absence of autocorrelation. For the rest of the species the presence or absence of autocorrelation varies from one experimental replicate to another. However, once influential points in germination were identified (Table 3) and removed ( note that germination equations for fern spores shown in Table 1 were obtained fitting data without the influential points shown in Table 3 . Furthermore, in germination equations α parameter disappear whereas it is preserved during regression analysis when fitting is conducted including influential points. In Figure 6 we show a Box-and-Whisker plot of parameter r in the five fern species studied in this paper. The KruskalWallis test shows with a p-value equal to 0.0735 that there is not a statistically significant difference among the medians at the 95.0% confidence level. In consequence, we conclude that r, thus the instantaneous germination rate, does not depend on species. A similar result is obtained with α. According to Table 1 . Table 1 . Figure 7 and Kruskal-Wallis test (p-value equal to 0.1090) we can conclude that also α (thus, the rate modeling the decreasing of r) does not depend on species. Furthermore, and based on these analyses, we concluded that germination model is not affected by using spores from the same individual or from different individuals. Note that Box-and-Whisker plot of parameters were obtained when regression analysis was conducted including influential points. The logistic nonlinear regression statistic for Blechnum serrulatum and Polypodium feuillei spores germination is shown in Table 5 . Model comparison results are shown in Tables 6-7. Figure 8 depicts the scatter plot and logistic nonlinear re gression curve in both species. Although B. serrulatum fits to both germination models, as reported by the root mean square error (RMSE), the Gompertz regression model was better fit than logistic regression. However, according to F-test in P. feuillei the Gompertz germination model remained the best-fit model.
DISCUSSION
Several S-shaped curves have been proposed to describe germination in a variety of plants, bryophytes, fungi, etc: polynomial regression and logistic (Hsu & al., 1984; Dantigny & al., 2011) , normal cumulative curve (Waggoner & Parlange, 1973) , Gompertz (Wiklund & Rydin, 2004) , Weibull (Brown & Mayer, 1988) , inverse normal distribution (O'Neill & al., 2004) and some other are usually the chosen functions when modelling the germination of seeds and spores. However, most studies assume that cumulative germination follows a Gompertz or logistic model. Other models like those where data are fitted to polynomials exhibit some problems in the biological interpretation of parameters (Fitzhugh, 2011) . It is important to note that both Gompertz and logistic germination functions exhibit an inflection point, but whereas logistic function is symmetrical with respect to that point, the Gompertz curve is not. In any case, both functions are special cases of Richards function. Furthermore, the logistic function is very similar to the cumulative normal distribution and so perfectly symmetrical. However, germination is always skewed because of late-germination seeds or spores. According to our experiments and in agreement with previous authors (Brown & Mayer, 1988 ) the Gompertz function should be used as it better describes the phenomenon of germination. In the model, the estimates of α and r parameters were obtained using a classical approach (see Appendix). However, the parameters of the Gompertz curve could be estimated using different methods, e.g. using the grey direct modelling (Wu & Wang, 2009) , artificial neural networks (Roush & al., 2006) , etc. We found that Gompertz and logistic functions were insensitive to the initial estimates of parameters and converged from initial values markedly different. This fact was observed previously (Brown & Mayer, 1988) as a major feature of Gompertz and logistic models. Other germination models are sensitive to the choice of initial estimates of parameters, being difficult the analysis of the nonlinear regression germination model, which is also related with the iterative nature of the computational algorithm (Marquardt, 1963) used to find a least square solution. Note that regression analysis cannot be done using matrix algebra, as it is usual in linear regression.
Influence of ecophysiological factors on the curve dynamics
A first observation worthy of notice among the studied species was a case of non-convergence when studying spore germination for the species Cheilanthes glauca. A two steps germination model has been occasionally reported in literature arising as a consequence of a mixture of spore populations. In such a case late-germinating seeds split the plateau of the cumulative germination function in two asymptotes or steps: the first step for the early germinating seeds and the second for late-germinating seeds.
Quiescence is the phenomenon by which fern spores can rapidly germinate when faced up to optimal conditions (humidity, atmosphere, nutrients and temperature). Dormancy is defined as the set of characters that derived in the failure of quiescent spores to germinate (Raghavan, 1989) . This set of characters is assumed to be regulated by some kind of physical and chemical changes in the spore, established during its maturation. Only when some conditions are met, the chemical state is reversed and the spore is able to germinate. Many aspects are known to be affecting dormancy, as light, temperature, water and hormonal conditions (Weinberg & Voeller, 1969) . In the Gompertz model we are proposing r could be interpreted as the set of endogenous changes forced by environmental conditions (both extrinsic and intrinsic) that move spores from a dormant state to a quiescent state. Once achieved the set of changes at a time by a pool of individuals in the spore population they manifest germination. As the environmental conditions are promoting the endogenous changes with time, under suitable conditions, more and more spores tend to germinate. The presence of chlorophyll in the cell (green spores) is clearly affecting the germination model, because these spores show no o limited dormancy (Lloyd & Klekowski, 1970) . The effect of chlorophyll in the spores has not been considered in this work, as all the species presented nongreen spores.
It is remarkable that in some of our cultures the maximum germination rate is achieved at a lower percentage than in others, regardless of the environmental conditions. There are some presumable factors that could explain in part this phenomenon but none of them offers a complete explanation (Gabriel y Galán & Prada, 2010c). Nevertheless, those factors could conform a set of characters represented by α in our model. We propose three of these factors with different biological meanings. The first factor is resources depletion, which represents the influence of the physical environment on germination. At the beginning of the germination the Petri dishes contain enough nutritive agar medium. Only when gametophytes reach a certain size environmental resources become limiting. The second one is population density, which is representing the intraspecific ecological relationships. It is certainly true that culture density is affecting the development of gametophytes (including size and shape at maturity and gametangia production), with a positive relation to the yet cited resource availability; but to date evidence that density affects germination per se is still controversial (Ashcroft & Sheffield, 2000) . A third factor is the age of the spore, defined as the time elapsed from meiosis, which represents an endogenous force with individual variation. Although in our experiments the influence of age has been controlled (as all the spores were cultured with less than a month), it is well known that in ferns, the older the spores are the less rate of germination is achieved (Conway, 1949; Smith & Robinson, 1975; Gabriel y Galán & Prada, 2010c) . Thus, age of spores is a factor implicitly represented by α in our germination model. Furthermore, if environmental resources and population density do not affect germination, α represents primarily the effect of age. It could be of interest for a future to culture spores of the same species but of different ages to see how the Gompertz regression model is affected by this parameter. In growth curves in animals the biological interpretation of parameters depends on the relationships between genetics and environment (Fitzhugh, 2011) . However, we guess that in plants the biological meaning of parameters could be related for the most part with environment, e.g. resources, population density, etc. showing a lower influence the physiological factors, e.g. the seed/spore age.
CONCLUSIONS
Gompertz function proved a valuable tool for fitting germination in Blechnum serrulatum, Blechnum yungense, Cheilanthes pilosa, Niphidium macbridei and Polypodium feuillei species. We can conclude that the Gompertz model could represent the model of germination for all the nongreen spore leptosporangiate ferns. The two parameters of the regression model have biological meaning. In particular, r collects those events that promote germination, for instance light, humidity, hormones, etc. whereas α represents events that retard or inhibit germination such as resource depletion, population density and, in artificial cultures, mainly the spore age.
where y is the germination rate, t is the time (days), y 0 is the germination rate at initial time t 0 and two parameters: the instantaneous germination rate r, and,α the rate of decrease of r. The nonlinear equations were fitted to germination data by nonlinear regression. The Gompertz nonlinear regression was conducted with the Marquardt's algorithm (Marquardt, 1963) as implemented in the statistical package STATGRAPHICS 5.1 (Statistical Graphics Corporation). This iterative method uses the initial estimates of parameters (α i r i ) and the Gomperzt function supplied in the form shown in (1). The method minimizes the sum of the squares of the differences between the predicted and experimental data.
Initial estimates of the parameters α and r were empirically obtained. Using the following equation: (2) we can obtain the expression: (4) where K is the maximum germination rate, thus 100. From (4) we obtain:
Likewise (3), expression (5) was solved with DERIVE program.
Once we obtain α in expression (3), its value is used in (5). Solving expression (5) we obtain the r value. After that (α, r) will be the initial estimate of the model parameters. Nonlinear regression requires we supply the initial values of model parameters (Draper and Smith, 1988; Neter et al., 1996; Myers, 1990) . Since the convergence of the model could depend on the initial estimates of parameters, we proceeded performing the statistical analysis several times using different initial estimates, as follows. First, we calculated α at different germination times t 1 , t 2 , … t n , and then we obtained the parameter values. (α 1 , r 1 ), (α 2 , r 2 ), … (α n , r n ) Germination times were selected according to our understanding of the relevance of a data point in the germination experiment. Secondly, the fit of the predictive model was conducted using the statistical package STATGRAPHICS. The initial estimates of parameters (α 1 , r 1 ), (α 2 , r 2 ), … (α n , r n ) were used for each one of a preliminary nonlinear regression analysis model. The method then calculates the parameters with lowest residual sum, thus Eq. (7) Finally, in the selected model (thus (α i * , r i * ), the model marked with asterisk * in Table 2 ) we conducted an analysis to detect influential points (Angell and Kielland, 2009; Stat Trek, 2012) , which were removed in further analysis. Statistical tools in STATGRAPHICS were used to detect observations that have leverage values, unusually large DIFTS (influence of an observation in the estimated parameter, thus α and r) or Cook's distance values (distance between the estimated parameters with and without such observation). Once such observations were removed the final nonlinear equations were fitted to germination data by nonlinear regression.
A where y is the germination rate, t is the time (days), y 0 is the germination rate at initial time t 0 , k is the carrying capacity (the maximum sustainable germination) and r is the instantaneous germination rate. We compared the best fitted experimental replicate to logistic equation with its fitting to the Gompertz equation. Following, we conducted an F-test to compare both models. The F ratio is calculated by comparing the relative difference in the residual sum of squares (RSS) between logistic and Gompertz models with the residual sum of squares of Gompertz model. When comparing Gompertz model with logistic model, the F-ratio is given by:
Eq. (9) where p G , p L and n are the number of parameters in the Gompertz model (p G =2), the parameters in the logistic model (p L =1) and the number of data points to estimate parameters, respectively. Under the null hypothesis that Gompertz model does not provide a significantly better fit than logistic model, F will have an F distribution with p G -p L , n-p G degrees of freedom.
